Background: Rumination syndrome is characterized by recurrent regurgitation of recently ingested food into the mouth. Differentiation with other diagnoses and gastroesophageal reflux disease (GERD) in particular, is difficult. Recently, objective pH-impedance (pH-MII) and manometry criteria were proposed for adults. The aim of this study was to determine diagnostic ambulatory pH-MII and manometry criteria for rumination syndrome in children.
recently ingested food into the mouth, not preceded by retching or nausea and in the absence of structural disease.
1,2 Rumination syndrome was first described in mentally disabled children, and although it is now recognized in individuals of all ages and cognitive abilities, it tends to remain one of the less commonly recognized FGIDs in children. [3] [4] [5] [6] Epidemiological data on rumination syndrome in children are scarce. One large school-based survey was conducted in Sri Lanka, reporting a prevalence of rumination symptoms in 5.1% of children 10-16 years. 7 One large questionnaire-based study performed in the United States on the prevalence of FGIDS according to the Rome III criteria in 1447 children (age range 4-18 years) showed that 23.1% of children qualified for at least one FGID; however, none qualified for rumination syndrome. 8 According to the recent Rome IV criteria, a clinical diagnosis of rumination syndrome can be made after exclusion of other diagnoses that could explain the symptoms. 1, 9 However, to exclude gastroesophageal reflux disease (GERD), functional vomiting disorders and upper gastrointestinal motility disorders such as gastroparesis can be challenging. This leads to patients visiting multiple physicians, undergoing extensive diagnostic testing, and being treated with several pharmacological therapies before the final diagnosis is reached.
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The cornerstone of treatment of rumination syndrome is thorough explanation of the condition and its underlying mechanism. Although this resolves symptoms in a substantial part of patients, behavioral therapy aimed at suppressing the increase of gastric pressure is often indicated. 11, 12 With the use of new diagnostic tools, including combined pHimpedance (pH-MII) and (high-resolution) manometry measurement, studies in adults have shown that patients with rumination syndrome exhibit characteristic patterns during their regurgitation episodes. [13] [14] [15] [16] [17] These episodes are typically induced by a rise in intragastric pressure, generated by a learned, voluntary contraction of the abdominal wall musculature. While this relaxation on itself may be voluntary, the overall process of rumination is still generally involuntary and thus often non-intentional. Recently, Kessing et al.
proposed diagnostic criteria for rumination syndrome in adults based on comparison of the results of combined pH-MII and manometry measurement in patients with rumination. They proposed that the diagnosis of rumination syndrome could be based on the demonstration of retrograde bolus flow extending to the proximal esophagus, closely associated with an abdominal pressure increase >30 mmHg.
Applying this criterion, they additionally identified three distinct rumination patterns: i) primary rumination, in which the abdominal pressure increase precedes retrograde flow; ii) secondary rumination, consisting of an increase in abdominal pressure following the onset of a reflux event; and iii) supragastric belch-associated rumination, consisting of a supragastric belch immediately followed by a rumination event. 
| METHODS

| Ambulatory pH-MII and manometry
All subjects fasted for at least 3 hours prior to the study and were studied of acid-suppressive and esophageal motility influencing drugs.
A solid-state manometry catheter was placed, which consisted of two pressure sensors that were located at 5 cm above and 5 cm below the upper border of the lower esophageal sphincter (LES). Second, a pHimpedance catheter fitted with six impedance recording segments, and one ion-sensitive field-effect transistor pH-electrode (Unisensor AG, Attikon, Switzerland) was placed. Impedance recording segments
Key points
• Based on ambulatory combined pH-impedance and manometry measurement, we showed that rumination patterns in children are comparable to those seen in adults, albeit with lower gastric pressure increase.
• We propose that the diagnosis of rumination syndrome in children without pathological gastroesophageal reflux disease should be based on demonstration of retrograde bolus flow extending to the proximal esophagus closely related to a gastric pressure increase of > 25 mmHg.
were located at 2-4, 4-6, 6-8, 
| Data analysis
Impedance tracings were analyzed for the occurrence of episodes of retrograde bolus flow according to previously published criteria. 19 Furthermore, a supragastric belch was defined as a rapid antegrade movement of gas (rise in impedance level to at least 1000 Ohms followed by a quick expulsion of gas in retrograde direction resulting in the baseline impedance level returning to baseline; Figure 1C ). 20 Supragastric belches less than 5 seconds apart
The rumination variants as measured by combined pH-impedance and manometry monitoring. Arrows indicate 1 = impedance drop, starting in most distal channel, marks start of retrograde bolus flow; 2 = return of impedance signal back to baseline, starting in most proximal channel, marks end of retrograde bolus flow; 3 = rise in intragastric and intraesophageal pressure channels, marks rumination event; 4 = supragastric belch, characterized by sudden rise in impedance signal starting in most proximal channel, followed by an expulsion of air in the oral direction. A) Primary rumination: an increase in gastric pressure is followed by the flow of gastric content. Peak gastric pressure is observed during the flow of gastric content. Pressure in the esophageal lumen increases during the retrograde flow of gastric content. B) Secondary rumination: similar to primary rumination but preceded by a spontaneous gastroesophageal reflux event. In this particular patient occurring during a long period of acidic stasis in the esophagus. C) Supragastric belch-induced rumination. Two subsequent supragastric belches, the second one inducing a rumination event.
Initially, a movement of the diaphragm in aboral direction and a subatmospheric pressure in the esophageal lumen is observed. The subsequent inflow of air is indicated by an antegrade rise in impedance and causes a rise in the esophageal pressure. Thereafter, the esophageal air is immediately expulsed during which an increase in gastric pressure is observed. Subsequent flow of gastric content into the esophagus is observed during the increase in gastric pressure. This can be seen as a drop in impedance compared with the initial impedance baseline preceding the supragastric belch
were considered as a single episode. The reflux index (RI), or acid exposure time, was calculated as the percentage of time during which the pH was <4 in both upright and supine position, excluding meal periods. The pH study was defined as abnormal if the RI was ≥5%. 21 For calculation of the RI, sleeping time was included in the analysis.
All retrograde bolus movements that reached the proximal esophagus were identified, and the peak gastric and esophageal pressures recorded during these events were subsequently analyzed. Individual events reaching the most proximal recording impedance segment associated with a gastric pressure increase of at least 20 mmHg from baseline were classified as rumination events. A reflux event was defined as a sequential change in impedance (>50% of baseline), starting distally and propagating orally to at least three adjacent recording segments (two channels), in the absence of a gastric pressure increase >20 mmHg. Furthermore, the temporal alignment of retrograde bolus movement onset (>50% impedance drop from baseline)
with the onset and peak of gastric and esophageal pressure increases was determined. Rumination events were grouped into i) primary rumination, ii) secondary rumination, and iii) supragastric belch-associated rumination (as previously described). The dominant subtype of rumination seen in each patient defined their typical rumination profile.
| Patient stratification
Based on the analysis of combined pH-MII manometry measurement, patients were stratified into the following groups: 
| Statistical analysis
Distribution of data was evaluated using the Kolmogorov-Smirnov test. Parametric data are expressed as mean ± standard deviation (SD) and nonparametric data as median and interquartile range (IQR).
Comparison between patients exhibiting one of the rumination profiles and patients with no signs of rumination was analyzed using
Mann-Whitney U test. Statistical tests were performed using IBM SPSS Statistics 23 (SPSS Inc, Chicago, Illinois). Differences were considered statistically significant when P<.05. noted. Of these, three reported personal or family matters, two had experienced an upper airway infection, two had a history of an eating disorder (anorexia nervosa), and one had a history of cured cancer. Patients had undergone between 0 and 7 other diagnostic tests prior to the current investigation. Past investigations included barium swallow (n = 11), upper GI endoscopy (n = 9), and H. pylori diagnostics (n = 9). Twenty patients had been previously prescribed proton-pump inhibitor therapy. None of the patients had attended a speech pathologist or behavioral therapist prior to the current investigation.
| RESULTS
| Combined ambulatory pH-impedance and manometry monitoring
Recordings of 7 of the 25 patients were excluded due to poor tolerance of the procedure (n = 4) or technical failure of one or both of combined recordings (n = 3). Two patients were excluded from analysis as they did not exhibit rumination events on pH-MII and manometry measurement. We therefore present pH-MII and manometry data from the 16 remaining patients ( Table 2) . None of these patients had evidence of hiatal hernia based on (timed) barium swallow and/or endoscopy.
Median duration of measurement was 21 hours (IQR 20-23 hours).
All three rumination patterns that were previously described in adults were present (Table 3 ; Figure 1 ). Fifteen out of 16 patients had at least one gastric pressure peak of amplitude >30 mmHg, and all patients had at least one peak >25 mmHg. There was no significant correlation between older age and higher intragastric and intraesophageal pressure increase during rumination events (r s = −0.106, P = .696 and r s = 0.015, P = .957, respectively). Primary rumination occurred in 13 (81%) patients and was the predominant mechanism in five (38%).
Secondary rumination occurred in 15 (91%) patients and was the predominant mechanism in six patients (40%), of which three patients had an abnormal RI. Secondary rumination was the only mechanism in three patients (20%), of which one patient had an abnormal RI. In one of these patients, all rumination events were preceded by acid GER, and in the other patient, rumination events were preceded by both 
| Characteristics of individual rumination events
Of a total of 266 rumination events (97 primary, 160 secondary, and 
| DISCUSSION
This is the first article to describe objective criteria for the diagnosis of rumination syndrome in children using 24-hour pH-impedance and dual channel manometry (Table 4 ). In contrast to adult rumination, we
showed that a substantial number of rumination episodes are initiated by a gastric pressure rise to <30 mmHg. Our findings underline the clinical utility of using pH-MII with dual channel manometry to diagnose rumination syndrome in children. By providing an unequivocal diagnosis, pH-MII manometry can shorten the time to diagnosis and can direct adequate treatment. As shown in our cohort, the diagnosis of rumination syndrome is challenging and can be falsely made when based on clinical suspicion alone. However, excluding other diagnoses may lead to many children being exposed to multiple diagnostic tests and empiric treatments for prolonged periods of time. This delay can lead to functional impairment, emotional distress, but also weight loss, malnutrition, and electrolyte imbalance. [22] [23] [24] Our criteria have been adapted from the adult criteria for rumination syndrome. In adults, patients with GERD also exhibit gastric pressure peaks up to 30 mmHg without further evidence of rumination syndrome. A cutoff value <30 mmHg would, thus, also identify adult GERD patients as having rumination. 13 In this study, we did not evaluate gastric pressure peaks in a separate group of pediatric GERD patients. However, as we use 24-hour pH-impedance testing, we can also confirm or rule out GERD. This study suggests that a lower, 25 mmHg, cutoff may more optimally identify rumination episodes in children.
Using our criteria, we were able to confirm the diagnosis of rumination syndrome in 10 of 18 children. Two patients referred to our clinic had no rumination episodes and showed no evidence of GERD.
Of these, one was later diagnosed with severe functional constipation and symptoms improved after laxative treatment. In the other patient, no explanation for complaints was found and this patient was lost to further clinical follow-up. The remaining six patients were diagnosed with GERD, either because of prolonged RI or because all rumination episodes were initiated by GER episodes. In the 10 patients with rumination syndrome, three distinct rumination patterns were identified, consistent with reports in adult patients (Table 2) . 10 These subtypes suggest different pathophysiological mechanisms, which in turn may require different treatment strategies.
Rumination is thought to be a learned behavior, and therefore, the cornerstone of current treatment is an explanation of the condition, with initiation of a behavioral therapy regime. 13 
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Secondary ruminators demonstrate an abnormal strain response to episodes of GER, and this subgroup may, therefore, respond to antireflux therapies. In five patients, rumination was present, but this was predominantly secondary rumination initiated by acid GER episodes.
This suggests that acid-suppressive therapy may be a first-targeted treatment step to improve symptoms in these patients, although this will not prevent the occurrence of weakly acid and alkaline reflux episodes. We would, therefore, advise to repeat measurement on PPI therapy if symptoms persist despite therapy. If acid-suppressive treatment fails or if GER episodes are non-acidic as in one patient in our cohort, behavioral interventions might lead to alleviation of symptoms.
Biofeedback therapy could, in theory, decrease a patient's level of response to the sensation experienced when a reflux episode occurs.
In addition, the GABA-b receptor agonist baclofen has been shown to significantly enhance postprandial pressure at the LES and to suppress transient LES relaxations in both adults and children and may have a role in treating secondary rumination. 27, 28 Antireflux surgery has also shown effective in a pilot study in adult patients who did not respond to behavioral therapy. should be thoroughly explained and instructed to document their symptoms on paper diary and portable data logger. Another limitation of this study is the limited size of our study population. However, the results from our study describe a unique cohort of consecutive patients with a clinical suspicion of rumination syndrome, referred for combined pH-MII and dual channel manometry measurement. While we did not perform HRM to diagnose rumination, we note the findings by Kessing et al., comparing both stationary and ambulatory measurement approaches, and suggesting that both techniques are equally effective in diagnosing rumination syndrome. 13 In our study, we found that almost half of all events occurred >30 minutes postprandial and a third of all events even >60 minutes postprandial, suggesting that a short stationary measurement might often not be sufficient to detect rumination in children. An additional advantage of using combined pH-MII and manometry is the ability to identify (acid) GER as the underlying mechanism attributing to secondary rumination events.
In conclusion, we performed a systematic analysis of combined pH-MII and dual channel manometry measurements of a cohort of pediatric patients with a clinical suspicion of rumination syndrome.
The typical pattern of brief, gastric pressure increase associated with the occurrence proximal retrograde bolus flow as seen in adults was also typically found in children. In addition, three distinct rumination patterns as described in adults could also be identified, which include primary rumination, secondary rumination, and supragastric belchassociated rumination. Application of combined pressure-impedance monitoring may, thus, improve the sometimes equivocal, clinical diagnosis of rumination syndrome and may, moreover, help distinguish rumination syndrome from secondary rumination as a result of pathologic GERD in children. It may prevent children from extensive diagnostic testing to rule out alternative diagnoses and may additionally provide better-targeted treatment options. However, as the test also has it disadvantages, its use should be restricted only to these purposes. We propose that the diagnosis of rumination syndrome in children should be based on demonstration of retrograde bolus flow extending to the proximal esophagus closely related to a gastric pressure increase of >25 mmHg, in the absence of any other underlying medical condition that could explain the symptoms, including GERD.
